The objective of this study was to ascertain whether or not the zinc status of the chick has an effect on sulfate-sulfur metabolism in the bone elongation region of the tibia. Studies were conducted in which 10 Â¿iCi of 35SO4Z~were given either orally or intraperitoneally to chicks which had been fed for 4 weeks either a zincdeficient ( 14 ppm ) or a zinc-sufficient ( 90 ppm ) purified diet based upon soy protein and glucose. The zinc-sufficient chicks were divided into two groups: 1) ad libitum-fed, and 2) restricted-fed so that their average weight gain was approximately equal to that of the zinc-deficient chicks. At 6, 12, 24, 48 and 96 hours following isotope administra tion, five birds from each group were killed; the epiphyseal plate through the hypertrophic zone and the primary spongiosa of the tibias were removed and analyzed for 35Scontent. The peak 35S activity (dpm/mg fresh tissue) in those regions occurred ap proximately 12 hours following isotope administration by either method. Peak activity of the isotope was significantly less in the zinc-deficient chicks compared with either zinc-sufficient group. Hexosamine content per milligram fresh epiphyseal plate was not significantly altered by zinc deficiency. A significant increase in the hexosamine con tent of the primary spongiosa was noted under conditions of zinc deficiency. These re sults suggest that the metabolism of SO42~, an important constituent of mucopolysaccharide in bone elongation regions, is altered by zinc deficiency in the chick.
Zinc-deficient chicks fed a soybean-based diet developed swollen hocks, and their leg bones were shorter and thicker than those of control birds. Compared with zincsufficient chicks, the epiphyseal plate carti lage cells from zinc-deficient chicks were arranged more randomly and the epiphyseal-diaphyseal junction was narrower (1, 2) . Recently, Westmoreland and Hoekstra (3) presented a detailed report concerning the pathological defects in the epiphyseal plate from zinc-deficient chicks. These workers found that in zinc-deficient chicks, areas which were remote from either the hyaline cartilage or the penetrating blood vessels had more matrix; and that cells, in stead of being uniformly flattened and in regular columns as in normal bone, had ir regular shapes and were more randomly distributed. Further, the cells in the degen erating region of the epiphyseal plate from zinc-deficient chicks did not degenerate normally unless they were near blood ves sels. Westmoreland and Hoekstra (4) also observed no differences between zinc-defi cient and zinc-sufficient chicks in the distri bution of either mucopolysaccharides or collagen, the two major components of ex tracellular matrix. However, in zinc-defi cient chicks, cells remote from blood ves sels showed a delayed development of alkaline phosphatase activity. Zinc-defi cient chicks fed either histamine or indomethacin showed the same distribution of alkaline phosphatase as did the zinc-defi cient controls. Since those compounds grossly moderated the leg defect in the zincdeficient birds (5) , it appeared that they may have been acting on some defective metabolism other than alkaline phosphaReceived for publication March 2, 1970 tase development. Although the distribution of mucopolysaccharides does not appear to have been affected, it seems possible that this fraction might have been altered in some other manner. High alkaline phosphatase activity has been linked to extra cellular matrix secretion (6) and spe cifically to mucopolysacchari.de synthesis (7). Moreover, antiarthritic compounds which moderated the leg defect in zincdeficient chicks often affected mucopolysaccharide metabolism (8, 9) . The studies to be reported here were conducted to deter mine whether or not sulfate-sulfur (a ma jor component of bone mucopolysaccha rides) metabolism was altered in zincdeficient chick bone.
MATERIALS AND METHODS
Day-old White Rock chicks4 without segregation according to sex were used in these studies. The birds were housed in a stainless steel battery at 37Â°to 40Â°and were randomly allotted 15 per cage. Dis tilled water and feed were provided in aluminum troughs. The composition of the basal soy-protein diet has been described previously (5) . The basal diet, with 5 ppm supplemental zinc (zinc-deficient diet), analyzed approximately 14 ppm total zinc on an air-dried basis. The zinc-sufficient control diet was formulated by adding 80 ppm zinc, as zinc oxide, to the basal diet. For the study, three groups of 75 birds each were given one of three dietary regimens as follows : Group 1 was fed the zinc-deficient basal diet ad libitum; Group 2 was fed the control diet ad libitum; Group 3 was fed the control diet at a restricted level so that their average weight gain was approxi mately equal to that of the zinc-deficient chicks. The average starting weight of the chicks in each group was 38 g.
After the birds had been fed their respec tive diets for approximately 4 weeks, some of the chicks were given 1 ml of an aqueous solution containing 10^Ci of 35Sas carrier free Na235SO4.5 From each dietary group of 75 chicks, 25 birds were given the 35Sintra-peritoneally; 25 birds received the 35S by gavage; and the remaining 25 birds were not given 35S. At 6, 12, 24, 48 and 96 hours following isotope administration, five chicks from each treatment group (diet X isotope) were killed by cervical fracture.
The legs from each bird were removed and frozen until 35Sanalysis could be made.
The 35Scontent of the complete epiphyseal plate through the hypertrophie zone, and the complete primary spongiosa from the proximal end of one tibia from each chick were analyzed. The 35S was deter mined in a liquid scintillation counter â€¢ by the method of Smith and Hackley (10) . The respective tissues from birds which re ceived no 35Swere used to determine back ground radioactivity.
The epiphyseal plates and primary spongiosae from the non-35S treated chicks were analyzed for total hexosamine content by the method of Boas (11) as modified by Conrad and Ziporin (12) .
Statistical analysis was by the t test (13) .
RESULTS
The average weights of the chicks at 4 weeks of age are given in table 1. The chicks fed the control diet ad libitum weighed approximately 70% more than the chicks fed the zinc-deficient diet. The chicks fed the control diet at a restricted level weighed slightly more than the zincdeficient chicks; however, the average weights were similar enough that the amount of isotope given per unit body weight was approximately the same for these two groups.
The amounts of 35S (as dpm/mg fresh tissue) found in the epiphyseal plates and primary spongiosae during each time period studied are presented in tables 2 and 3, respectively. In the orally dosed birds, the control chicks (both restricted-fed and ad libitum-fed) had significantly greater peak 35S incorporation into each tissue when compared to the respective tissues from the zinc-deficient chicks. The peak level of iso tope incorporation in the orally dosed chicks occurred approximately 12 hours after administration. Zinc deficiency also appeared to affect the removal of 35S from the epiphyseal plate and primary spongiosa of the orally dosed chick. At the 48-hour time period, the chicks fed the control diet ad libitum had a level of 35S in the epiphyseal plate which was ill. not significantly different from that in and the primary spongiosa than did the the zinc-deficient chicks. At the 96-hour zinc-deficient birds. time period, the chicks fed the control The data in tables 2 and 3 show that indiet ad libitum had a significantly lower traperitoneal injection of "S gave essen-35S content in both the epiphyseal plate tially the same results as oral dosage.
Zinc deficiency decreased 35S peak in corporation, and reduced the isotope re moval rate from the epiphyseal plate and primary spongiosa of the chick tibia. Con versely, compared with both control groups, the zinc-deficient chicks had a non-signifi cant elevation of total hexosamines in the epiphyseal plate, and a slight, but signifi cant, elevation of hexosamines in the primary spongiosa (table 4) . DISCUSSION Based upon extensive histochemical evi dence, Westmoreland and Hoekstra (4) observed little difference between zinc-defi cient and zinc-normal chick bone mucopolysaccharide metabolism. The zinc-defi cient birds did show an increased amount of matrix remote from blood vessels in the region of bone elongation (epiphyseal plate and primary spongiosa). The hexosamine data reported herein appear to sub stantiate that observation. In contrast to zinc deficiency, a manganese deficiency leg defect has been shown to result in a reduction of the total hexosamine level in the epiphyseal plate (14) . The data re ported here indicated that in zinc defi ciency, the leg defect resulted in no change in the hexosamine content of the epiphy seal plate but a slight increase in the hexosamine level in the primary spongiosa. This elevated hexosamine level could have resulted from the apparent increase of extracellular matrix in relation to the number of cells in the affected area of the bone.
Westmoreland and Hoekstra also found no evidence of abnormality in the matrix from the zinc-deficient chicks in their stud ies. The studies reported here suggest that some alteration in mucopolysaccharide metabolism does occur in the area of bone elongation in zinc-deficient chicks. Since 35S seems to be incorporated almost ex clusively in the synthesis of sulfomucopolysaccharides (15), it appears likely that there is a reduced sulfation of mucopolysaccharides in the epiphyseal plate and primary spongiosa of the zinc-deficient chick.
It has been well established that chondroitÃ-n sulfates are the major mucopolysaccharides in bone (16) . Variations in the uptake of radiosulfate by cartilage ac company structural changes of the carti lage and these changes appear to depend upon, or are accompanied by, synthesis of chondroitin sulfate which is added to, or replaces, the pre-existing chondroitin sul fate (17) . Work by several investigators (18, 19) suggests that chondroitin sulfate is utilized in the processes of calcification of the cartilage and the laying down of bone. Therefore, it seems possible that an abnormal chondroitin sulfate fraction may have some relation to the leg abnormality found in zinc-deficient chicks.
It has been suggested that a relationship may exist between phosphorus and sulfatesulfur metabolism in the calcification areas of bone (15) . Furthermore, it appears that alkaline phosphatase may have a degen erative role in epiphyseal plate cartilage and that this role is altered by zinc defi ciency (4) . The fact that an alteration of sulfate metabolism occurs at the point of elongation in the zinc-deficient chick tibia gives credence to the proposed sulfurphosphorus metabolic relationship. Per haps, if such a relationship could be veri fied, further insight into the metabolic lesion in zinc-deficient chick bone could be ascertained. 
